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Abstract

We have obtained the first experimental evidence for the Pockels effect of water, which is induced by a high electric field in the electric
double layer (EDL) on the water–transparent electrode interface. The electric-field induced energy shift of the visible interference fringes
of a 300 nm indium–tin–oxide (ITO) electrode layer is observed, indicating a negative refractive index change at the interface. Numerical
calculation reproduces well the experimental observation, showing that the signal mainly originates from water in the EDL. The Pockels
constants of water are estimated to be r33 = 5.1 · 100 pm/V and r13 = 1.7 · 100 pm/V. The large anisotropy of the Pockels effect of water
is deduced from the incidence angle dependence of the p-polarization signal. At the same time, the ITO shows a blue shift of the band gap
in the UV due to the band population effect in the space charge layer. The plasma frequency in the near IR is also expected to increase
due to the band population effect, since the ITO has a high doped carrier population close to metal. A negative refractive index change
in the ITO space charge layer is induced from both effects, but its effect on the signal is estimated to be much smaller than that of the
negative refractive index change of water in the EDL.
� 2006 Published by Elsevier B.V.
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1. Introduction

Interaction between water molecules and biomolecules
or solid surfaces turns water into new phases, different
from bulk water. One of the most important is the electric
double layer (EDL), which provides a field of various
electrochemical reactions at the solid–aqueous solution
interface. The thickness of the EDL is restricted to a nano-
meter scale, and it has been reported that water molecules
have an orientational order in the EDL. As a result, the
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static dielectric constant decreases to less than 10 from its
bulk value of 80 [1–3]. This means that the orientational
contribution to the polarizability is quenched while the
vibrational and electronic contribution remains.

The orientational order of water molecules in the solid–
liquid interface has been extensively studied both theoreti-
cally and experimentally [4,5]. The information on the
molecular structure and molecular arrangement of interfa-
cial water on various solid surfaces has been studied theo-
retically with various models [4] and experimentally by
surface selective IR spectroscopy [5–9] as well as by surface
X-ray scattering [10]. On the other hand, the optical prop-
erties, which reflect the electronic states, of water molecules
on spatially restricted conditions are less understood than
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Fig. 1. Experimental setup. APD: avalanche photodiode. GL-polarizer:
Glan-Laser polarizer. For lenses, the focal length of them are shown.
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the structural properties of them because of the lack of
experimental study.

The purely electronic response of such a highly ordered
layer of water can be measured by the refractive index in
the visible region. This is the Pockels effect of water, repre-
sented by the coefficient n1 in the electric-field dependent
refractive index n = n0 + n1E + n2E2 + � � � or by the sec-
ond-order susceptibility of vð2Þijk ðx; x; 0Þ. A large number
of study was devoted to the optical Kerr effect of water
[11,12], expressed by the coefficient n2, or the third-order
susceptibility of vð3Þijklðx; x;�x;xÞ, because an intense elec-
tric field is readily applicable by using high-peak-power
femtosecond optical pulses. In contrast, the Pockels effect
of water has never been reported to the best of our knowl-
edge. This is because the application of a high DC electric
field is difficult due to the conductivity of water, and be-
cause bulk water has macroscopic centrosymmetry insensi-
tive to the second-order nonlinear optical effects.

The electrolyte method for electroreflection spectros-
copy [13,14] is a powerful tool for sensitively detecting
the energy structure of doped semiconductors above the
band gap and of metals. Even with an applied voltage as
low as 1 V, a nanometer-scale electric double layer is
formed at the water–semiconductor interface, where the
voltage is concentrated. The space charge layer is then
formed in the semiconductor surface due to the high elec-
tric field in the EDL. As a result, the carrier spatial and en-
ergy distribution function changes, which is accompanied
by the reflectivity change. This is a kind of electrooptic ef-
fect, i.e., the Pockels effect, where the nonlinear refractive
index change is proportional to the applied electric field.
Although materials of a large electrooptic constant have
been eagerly searched for from the requirement of optical
information processing, the electrooptic constant involved
in the electrolyte method has scarcely been evaluated.
For most of the studies, furthermore, much attention has
been paid to the refractive index change in the solid surface
layer, but not in the EDL, with only a few exceptions
[15,16]. Difficulty in evaluating the Pockels effect of water
resides in the fact that the contribution of water to the
refractive index change can hardly be separated from that
of solid.

In this paper, we report the Pockels effect of water for the
first time to the best of our knowledge. As an electrode for
the electrolyte method, indium–tin–oxide (ITO) which is
transparent in the visible is used. The applied voltage drops
at the liquid–solid interface, i.e., in both the space charge
layer of ITO and the electric double layer of electrolyte solu-
tion. The shift in the interference fringes of the thin ITO
layer (nominally 300 nm) is detected in the transmission
spectrum of the ITO in the electrolyte solution. The nonlin-
ear refractive index change in the visible is readily evaluated
from the shift. The contribution of the ITO to the signal is
estimated from the spectral change in the UV absorption,
where the band population effect induces the energy shift
of the absorption edge. The result of analysis shows that
most of the signal is caused by water in the EDL.
2. Experimental

We used electrodes made of ITO (Indium–Tin Oxide,
Geomatec), where electrically conductive ITO thin films
were formed by sputtering on glass substrates. The ITO is
nearly transparent in the visible region. Its thickness, resis-
tivity, and carrier density are 300 nm, 1.3 · 10�4 X cm, and
1.2 · 1021 cm�3, respectively. A typical experimental appa-
ratus for electro-modulation measurement is shown in
Fig. 1. A strong electrolyte solution, 0.1 M NaCl aqueous
solution, was prepared from distilled water. Two ITO-elec-
trodes were immersed in the solution filled in the glass cell.
One electrode was grounded and AC voltage of 2 V (peak
amplitude) was applied to the other at the frequency of
f = 20–500 Hz. A Xe lamp (Hamamatsu L2274) was used
as a visible light source. The light from the lamp was inci-
dent into the glass cell and transmitted through the latter
ITO electrode. The transmitted probe light was focused into
a fiber-bundle input. The fiber bundle was connected to the
input slit of a monochromator (Acton SP-308), and the lat-
erally dispersed light by a grating (300 grooves/500 nm
blaze) was received by 128 channel fiber bundle arrays at
the exit of the monochromator. Each channel of the bundle
fibers was connected to a Si avalanche photodiode (APD,
Hamamatsu S5343). Photocurrents of 128 APDs were de-
tected by a 128-channel lock-in amplifier [17,18]. The ampli-
tude-modulated components of the APD photocurrents at
the frequency of f were simultaneously measured as a
function of channel number, each of which corresponds
to a wavelength. This provides a difference transmission
spectrum in the visible region induced by the first-order
electrooptic (Pockels) effect. The probe light was made
linearly-polarized by a Glan-Laser Polarizer, and the inci-
dence angle dependence on the ITO for s- and p-polariza-
tion was investigated at the incidence angles of h = 0�,
30�, and 45�. We tried also to measure the Kerr signal at
2f frequency, but detected a much smaller signal. Therefore,
we limit our discussion on the f signal below.
3. Results

The thick solid curve in Fig. 2(a) shows the transmission
spectrum of the ITO substrate. In the spectrum there are
interference fringes which are due to the ITO layer of
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Fig. 2. (a) Measured and calculated transmission spectra. Thick solid
curve measured for the 300-nm thick ITO-electrode on the glass substrate,
placed in air. Dashed curve calculated for a 290-nm thick ITO placed
between semi-infinite water and glass. Thin solid curve: the first derivative
of the measured transmission spectrum of the ITO with respect to
wavelength. (b) Measured and calculated difference transmission spectra
normalized by the transmission spectrum. Thick solid curve measured
at the normal incidence of the probe with f = 40 Hz, VAC = 2 V, and
NNaCl = 0.1 M. Dashed curve calculated with the refractive index change
only for the ITO. Thin solid curve calculated with the refractive index
changes both for water in the EDL and for the ITO. For water, Dn0 =
�0.1 and dEDL = 2 nm.
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300 nm thickness. The transmission decrease in the UV re-
gion is due to the absorption edge of both ITO and glass
substrate. The absorption edge of the ITO is blue-shifted
from that of In2O3 due to the Burstein–Moss shift at the
high level of Sn doping [19]. Similarly, there is a slight de-
crease in the transmission for the IR region, too. This is
caused by metallic reflection due to the highly doped car-
rier density. The carrier density n of 1.2 · 1021 cm�3 gives

the plasma frequency,
ffiffiffiffiffiffiffiffiffiffiffiffi

ne2

e0eoptme

q
=2p, of 2.8 · 1014 Hz, i.e.,

the high reflectivity for a longer wavelength than
1.08 lm. Here, e0 is the permittivity of vacuum, eopt is the
optical dielectric constant of the ITO, and me is the effective
mass of carriers in the ITO given by eoptme = 1.24 m0, with
m0 being the electron mass [20].

Fig. 2(b) shows the normalized difference transmission
spectrum DT/T due to the Pockels effect, where the probe
light is normally incident. The thin solid curve in
Fig. 2(a) is the first derivative of the transmission spectrum
of the ITO film, indicating that the signal was caused by the
refractive index change in the relevant layers, i.e., EDL or
ITO. The blue shift of the interference fringes indicates a
negative refractive index change. The top curves in Fig. 3
show the incidence angle dependence of the signals for s-
and p-polarizations. In what follows, it is verified that the
signal is caused by change in the refractive index of water
in the EDL on the basis of a set of experiments and theo-
retical calculations.

Fig. 4 shows the signal intensity which depends on the
electrolyte concentration and the modulation frequency.
First, we varied the electrolyte (NaCl) concentration
between 0.0 M and 5 M as shown in Fig. 4(a). The thick-
ness of the EDL (diffuse layer) is estimated as the Debye-
Hückel length [21], which is given by

D ¼ 0:304M�1=2½nm�: ð1Þ
Here M is the electrolyte concentration (mol/l) [22]. Since
the electric field strength in the EDL is inversely propor-
tional to D for the same applied voltage, the signal intensity
is expected to show the M1/2 dependence if the optical non-
linearity of water in the EDL is responsible for the signal.
As seen in Fig. 4(a), the data are reasonably well fitted to a
M1/2 dependent curve. Second, we investigated the modula-
tion frequency dependence of the DT/T signal as shown in
Fig. 4(b). The signal intensity was found to increase with
decreasing frequency. This result indicates that it takes
time for the EDL to be completely formed responding to
the applied electric field. The measured system consists of
0.1 M NaCl aqueous solution with two 0.4 cm-spaced
ITO electrodes of 1 cm2 size immersed. The standard
impedance measurement shows that the equivalent circuit
of the system consists of the solution resistance
R � 100 X and the interface-layer (EDL and ITO) capaci-
tance C = 10–20 lF. The experimental frequency depen-
dence is explained by these circuit parameters; the voltage
that falls on the interface layers increases with decreasing
frequency. At 40 Hz, it is estimated that most (70–80%)
of the applied voltage falls on the layers.

According to the above experimental observation, it is
concluded that DT/T is caused by the formation of the
EDL with a concentrated electric field as high as �109 V/
m. The orientationally ordered H2O molecules within the
EDL is likely to be responsible for the refractive index
change. However, one should also consider the effect of
the induced high electric field on the ITO surface as well.
On the surface, the space charge layer is formed by the
band bending due to the high electric field. The signal in
Fig. 2 shows that the net transmission increase (absorption
decrease) in the UV region, which cannot be numerically
reproduced by the refractive index change of water in the
EDL only. Since the absorption edge of water lies in much
higher energy region (above 200 nm) than in the measured
wavelength region, the absorption change is attributed to
the ITO electrode. The ITO sample is Sn doped In2O3 with
carrier concentration of 1021 cm�3. On the positive bias,
both conduction and valence bands bend to the lower en-
ergy at the surface, increasing the carrier density in the
space charge layer. The absorption edge then shifts to the
higher energy due to the population increase in the conduc-
tion band. This is the field-induced Burstein–Moss shift, or
the band population effect [23,24]. The blue shift of the
absorption edge results in the net decrease in the absorp-
tion, inducing a negative refractive index change in the vis-
ible. In order to verify the Pockels effect of water, the
contribution of the ITO to the observed interference-fringe
shift must be estimated. In the next section, the experimen-
tal results are shown to be explained by the effect of water,
not by that of ITO.



Fig. 3. Difference transmission spectra normalized by the transmission spectrum at each incidence angle. Top: experiments for s- and p-polarizations
incident at h = 0�, 30�, and 45� with f = 40 Hz, VAC = 2 V, and NNaCl = 0.1 M. Bottom: calculations with Dn0 = �0.1, Dne = �0.3, and dEDL = 2 nm.
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Fig. 4. (a) The electrolyte concentration dependence of the signal intensity
with f = 235 Hz and VAC = 2 V. (b) The modulation frequency depen-
dence of the signal intensity at 468.3 nm with VAC = 2 V and NNaCl =
0.1 M.
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4. Method of data analysis

In the present experiment, there are four dielectric layers
involved; thick bulk water, �1 nm EDL, 300 nm ITO, and
thick glass substrate. In order to calculate the light trans-
mission of multiply layered dielectric structure, we adopted
the matrix method [25,26], where the EDL is approximated
to be a constant-refractive-index layer. The parameter
values used are the refractive indices nw = 1.33 for water,
nITO = n + ik for ITO as given in Fig. 5(a), nglass = 1.52
for glass, and the layer thickness of dITO = 290 nm for
ITO, and dEDL = 2 nm for EDL. In order to treat the com-
plex refractive index of the ITO layer properly in the meth-
od, the explicit expressions given in Ref. [26] are used.
Here, the normal to the electrode surface is taken as the
z-axis. The components of the refractive index ellipsoid
of water without field is given by

x2 þ y2 þ z2 ¼ n2
w: ð2Þ

Then it is distorted by the electric field Fz in the z-direction
to make the refractive index ellipsoid [27,28]

1

n2
w

þ r13F z

� �
ðx2 þ y2Þ þ 1

n2
w

þ r33F z

� �
z2 ¼ 1: ð3Þ

The principal values of the refractive index, no and ne,
are related to the Pockels constants, r13 and r33, respec-
tively, as

no ¼ nw �
1

2
n3

wr13F z ð4Þ

and

ne ¼ nw �
1

2
n3

wr33F z: ð5Þ

When the light beam is incident at the incidence angle h, for
p-polarization [29],

1

n2
p

¼ sin2 ap

n2
e

þ cos2 ap

n2
o

ð6Þ
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Fig. 5. (a) The complex refractive index (nITO) of the ITO assumed for the
calculation of the dashed curve in Fig. 2(a). (b) The complex refractive
index change (DnITO) of the ITO assumed for the calculation of the dashed
and thin solid curves in Fig. 2(b) and of the curves in the bottom of Fig. 3.
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and for s-polarization,

ns ¼ no: ð7Þ

Here, ap is the refracted angle in the EDL given by
nwsinh = npsinap.

To fit the experimental transmission spectrum without
the applied field (thick solid curve in Fig. 2(a)), the light
transmission from bulk water through 290-nm ITO to bulk
glass is considered. The calculated transmission spectrum is
shown by the dashed curve in Fig. 2(a), where the assumed
complex refractive index of the ITO is given in Fig. 5(a).
The refractive indices of water and the glass are assumed
to be nw = 1.33 and nglass = 1.52, respectively, and the
UV absorption of the glass is not taken into account.

To fit the experimental difference transmission spectra in
the UV region, the complex refractive index change in the
ITO due to the band population effect is assumed to be
given in Fig. 5(b). It is constructed from the optical suscep-
tibility of multiple Lorentzians to satisfy the Kramers–
Kronig relations. For simplicity, the thickness of the space
charge layer of the ITO is not considered but the refractive
index change is assumed to be uniform over the volume.
This simplification does not cause serious errors. In fact,
the calculated results are not much different even if the
thickness is assumed to be 10 nm and correspondingly a
larger refractive index change (as large as �0.01 at
400 nm) in the layer is assumed. The dashed curve in
Fig. 2(b) shows the result calculated only with the complex
refractive index change of ITO (without the refractive in-
dex change of water in the EDL). One can see the calcula-
tion reproduces the net transmission change in the UV
region but it does not cause an appreciable shift in the
interference fringes.

It is also expected that the band population effect in-
creases the plasma frequency in the near IR to cause a con-
siderable amount of the negative refractive index change in
the visible, since the ITO has a high doped carrier popula-
tion close to that in metal. In order to estimate the contri-
bution to the refractive index change of the band
population effect (blue shift of both absorption edge and
plasma frequency), the dielectric function in the space
charge layer is assumed to be given as follows:

eðxÞ
e0

¼ eb þ
x2

p0

x2
0 � x2

�
x2

p1

x2
: ð8Þ

Here, eb is the background dielectric constant, x0 represents
the absorption-edge energy, xp0 is the plasma frequency for
the density of bound electrons, and xp1 is the plasma fre-
quency for the doped free carriers. The damping constants
are neglected without causing serious errors since the far off
resonant change in the dielectric function in the visible is
considered due to the change in the UV and IR region.

The band population effect changes the parameters as
x0! x0 + Dx0 and xp1! xp1 + Dxp1. As a result,

D
eðxÞ
e0

� �
¼ �

2x0x2
p0

ðx2
0 � x2Þ2

Dx0 �
2x2

p1

x2xp1

Dxp1; ð9Þ

showing that positive values for Dx0 and Dxp1 gives a neg-

ative refractive index change. Using xp ¼ ne2

e0m

� �1=2

and

n ¼ 1
3p2

2mx
�h

� �3=2
(density of carriers from the bottom of the

conduction band up to �hx)

dxp

dx
¼ 3m

2�h
e2

3p2e0m

� �2=3

x�1=3
p : ð10Þ

For rough estimation, this equation gives Dxp1 � 3Dx0

when xp = xp1 with �hxp1 = 1 eV, x = x0, and m is the
electron mass in vacuum. Substituting reasonable values
for x, xp0, and xp1 in Eq. (9), both first and second terms
in Eq. (9) give contributions of the same order of magni-
tude. The numerical calculation (dashed curve) in
Fig. 2(b) shows that the blue shift of the absorption edge
in the ITO (Dx0 contribution) does not cause an apprecia-
ble fringe shift in the visible. The estimations from Eqs. (9)
and (10) finally verify that the band population effect has a
minor contribution to the observed interference-fringe shift
in the visible, even if the plasma frequency change (Dxp1

contribution) is included.
The thin solid curves in Fig. 2(b) and the curves in the

bottom of Fig. 3 show the results of calculation with a neg-
ative refractive index change of water in the EDL added.
The experimental spectra are reasonably reproduced both
for s- and p-polarizations. Here, it is assumed that even
without applied voltage, the EDL is formed due to a finite
potential of zero charge (PZC) for ITO in 0.1 M NaCl such
that the refractive index of water in the EDL is changed
from that of bulk water as no = nw + 0.2 and ne = nw + 0.6.
To be precise, the 45� spectrum for p-polarization is not
fitted very well compared with the other spectra. If the
PZC is assumed to be zero, the fit becomes much worse
for p-polarization.

The refractive index change of water which gives the
best fit to the experiments is Dno = �0.1 and Dne = �0.3.
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The parameter values used for the fit are nw = 1.33, nITO

and DnITO given in Fig. 5, nglass = 1.52, dITO = 290 nm,
and dEDL = 2 nm. To be consistent with Dno = �0.1 for
+1 V, the voltage initially induced by surface charges in
the ITO in 0.1 M NaCl solution must be �2 V, because it
is assumed that no = nw + 0.2.

Finally we obtained the Pockels constants of water from
Eqs. (4) and (5) as

r33 ¼ 5:1� 100 pm=V and r13 ¼ 1:7� 100 pm=V:

Here, the local field is not considered and the applied
voltage of 2 V is assumed to be equally divided into the
two EDLs in average. This assumption is justified because
the signals for both ITO electrodes, i.e., for the grounded
electrode and for the voltage-applied electrode, have
exactly the same magnitude but have the opposite sign to
each other. This result indicates that the applied voltage is
symmetrically divided into two electrodes. More precisely,
the temporal change of the sinusoidal electric fields that
the two electrodes feel are the same except for the phase
difference of p. In fact, the applied voltage falls partly on
the ITO space charge layer and the bulk solution, so that
these values are minimum estimates. These values are much
larger than those for the well known electrooptic crystal
LiNbO3 [27,28]: r33 = 30.8 pm/V and r13 = 8.6 pm/V.

5. Discussion

Bulk water without interface does not have the second-
order nonlinearity, or first-order electrooptic effect, be-
cause the dipole moments of water molecules are randomly
distributed to have macroscopic centrosymmetry. The pres-
ence of the electrode interface, which breaks centrosymme-
try, is essential for the Pockels effect of water. The
microscopic origin of the Pockels effect of water possibly
comes from the following effects:

(1) Orientation of water molecules: It is not known how
water molecules are arranged at the bulk–water/ITO inter-
face, but it is most likely that the dipole moments of water
molecules at the compact layer are oriented depending on
the polarity of the electrode, as reported for the Ag(111)
interface [10] for example. The anisotropic nonlinear
refractive index change must be caused by the DC-elec-
tric-field induced orientation change of water molecules
at the electrode interface. The normal to the electrode sur-
face (z-axis) is the principal axis of the refractive index
ellipsoid. Considering nw = 1.33, Dno = �0.1 and Dne =
�0.3 gives large anisotropy. The principal polarizability
of the water molecule has been reported to be nearly isotro-
pic both experimentally [30] and theoretically [31]. The
observed anisotropy is not consistent even with an aniso-
tropic polarizability model [32,33]. It is therefore difficult
to explain the large anisotropy of the ellipsoid solely from
the molecular alignment.

(2) Deformation or compression of water molecules: In
order to explain the anisotropy, effects other than mole-
cular orientation might be considered such as molecular
deformation or the interaction with the atoms at the
electrode surface. Firstly, there are theoretical studies to
report that water molecules are compressed at the electrode
surface resulting in the increase in the refractive index of
water [15,16]. In fact, it was experimentally observed that
water molecules are compressed to have an increased areal
density at the Ag(111) interface [10]. Along the line of
molecular compression, the result can be explained as
follows: The ITO surface is initially charged at the zero
external field due to a finite PZC, as assumed in the
simulation in Fig. 3. Consequently, water molecules in
the EDL are compressed to have a larger refractive index
than that in bulk. By application of positive voltage, the
refractive index recovers to that of bulk as the flat band
condition is approached. The initial surface charge must
be negative, as expected for ITO which is a negatively-
doped large-bandgap semiconductor. Secondly, there is
an experimental report on the structure of water monolay-
ers at RuO2/bulk water interface in Ref. [34], where water
molecules interact with oxygen atom of RuO2. In this case
the interfacial monolayer would be subject to a large
refractive index change. However, it is questioned whether
a large change extends to 2 nm, as assumed in the present
calculation.

(3) Effect of electrolyte concentration: When the EDL is
formed at zero external field, ionic concentration at the
layer is much higher than in bulk, leading to a higher
refractive index of electrolyte solution than that of pure
water. However, even for saturated NaCl solution
(5.4 M, 26.4 wt% at 20 �C), the refractive index is 1.38.
The observed large refractive index change and anisotropy
could not be explained in terms of the ionic intensity.

(4) Adsorption of anions: Large radius anions such as
chlorine and iodine ions are known to be adsorbed at the
metal surface, which might affect the refractive index at
the interface. However, we examined 0.1 M NaF solution
also and obtained as large a signal as NaCl solution. Since
fluorine ions are not adsorptive, the effect of adsorption is
excluded.

Presently, we cannot identify the microscopic origin of
the Pockels effect of water. The effects (1) and (2) are most
likely, but they do not provide the complete solution. In or-
der to explain both magnitude and anisotropy of the non-
linear refractive index change of water, the deformation of
the molecular structure, the interaction with the atoms at
the electrode surface [34], the intermolecular interaction
between water molecules, and cooperative effects in the
hydrogen-bond network of water [33,35–38] are all to be
fully considered.

6. Summary

The Pockels effect of water in the electric double layer
was observed for the first time. The anisotropic, large
refractive index change of water is induced in the nanome-
ter-scale electric double layer at the interface between water
and transparent electrode (ITO, In2O3 doped with SnO2).
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The Pockels constants of water for 0.1 M NaCl aqueous
solution were estimated to be more than ten times larger
than those for the standard electrooptic crystal, LiNbO3.
The response time of the effect is an order of 0.001 s (RC

time const) because it is limited by the formation time of
the electric double layer. The band population effect of
ITO was also observed for the first time, but it is estimated
to have a little effect on the observed shift of the interfer-
ence fringes.

There are still several problems left to be solved. First,
the incidence-angle dependence of the difference transmis-
sion spectra for both s- and p-polarizations is reasonably
well fitted with the calculation. To be precise, however,
the fit is not perfect especially at 45� incidence for p-polar-
ization, where there is appreciable qualitative difference.
Second, we assumed the potential of zero charge (PZC)
of ITO in the experimental condition is 2 V, but it must
be precisely evaluated. Third, the thickness of the space
charge layer of ITO is taken to be more than 10 nm, but
if it is an order of 1 nm, the calculation shows that the com-
plex refractive index change of ITO has an appreciable ef-
fect on the shift of the interference fringes. Fourth, the
applied voltage is actually divided into both the EDL
and the space charge layer of ITO, but the division ratio
is not evaluated at present. One must also clarify whether
the Pockels effect of water depends on the character of
the interface, i.e., on the electrode materials such as oxides,
metals, and semiconductors. In order to finally fix the val-
ues for the Pockels constants of water, these problems are
to be solved.
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